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GTF2Il and GTF2IRD1 encode members of the TFII-I transcription
factor family and are prime candidates in the Williams syndrome,
a complex neurodevelopmental disorder. Our previous expression
microarray studies implicated TFll-l proteins in the regulation of a
number of genes critical in various aspects of cell physiology. Here,
we combined bioinformatics and microarray results to identify
TFlI-l downstream targets in the vertebrate genome. These results
were validated by chromatin immunoprecipitation and siRNA anal-
ysis. The collected evidence revealed the complexity of TFII-I-
mediated processes that involve distinct regulatory networks.
Altogether, these results lead to a better understanding of specific
molecular events, some of which may be responsible for the
Williams syndrome phenotype.

GTF2I | Williams-Beuren syndrome

FII-I proteins represent a ubiquitously expressed versatile

protein family with broad functional activities (1-7). GTF2I
and GTF2IRD]1 are localized in the 7q11.23 chromosomal re-
gion, deletion of which causes the Williams syndrome, a complex
developmental disorder characterized by cardiac, craniofacial,
behavioral, and cognitive anomalies (8—11). Haploinsufficiency
in GTF2I and GTF2IRDI1 may be responsible for some of these
manifestations (9). The knowledge of downstream events is
important for the molecular dissection of this disorder; there-
fore, we have applied conventional biochemical and bioinfor-
matics approaches to find TFII-I target genes.

In our quest for downstream TFII-I targets, we performed a
genome-wide search for a TFII-I binding consensus sequence in
the mouse and human genome. We have conducted an extensive
analysis of the promoter regions of the genes modulated by
TFII-I factors in mouse embryonic fibroblasts (MEFs) (12, 13).
Both bioinformatic tools and experimental approaches (ChIP
and RNAI) were used to identify a number of new TFII-I target
genes. The pathway classification of putative targets showed
significant enrichment in genes involved in axon guidance,
neurodevelopmental disorders, calcium signaling, cell cycle, and
immune response. Our results support the view that TFII-I
factors are complex scaffolding proteins and act as critical
regulators coordinating the activity of multiple transcription
factors, histone deacetylases, and signaling molecules.

Results

General Overview and Functional Annotation of BEN- and TFII-I-
Modulated Genes. Our previous microarray studies identified
4,678 BEN- and 1,235 TFII-I-modulated genes (12, 13). Further
classification of BEN- and TFII-I-modulated genes by using
bioinformatics software DAVID showed a significant (P < 0.01)
enrichment of genes involved in numerous pathways consistent
with diverse biological functions of TFII-I proteins (Fig. 1).
BEN-modulated genes were shown to be significantly associated
with 30 different KEGG pathway terms, and TFII-I-modulated
genes were enriched in 10 pathways than would be expected by
random chance. All genes present in microarray were taken as
the background in calculation of the significance of enrichment
(P value) by using Fisher’s exact test (14). The genes identified
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as being repressed by BEN were enriched with highest proba-
bility in the following pathways: neuroactive ligand-receptor
interaction, complement and coagulation cascades, cytokine—
cytokine receptor interaction, and hematopoietic cell lineage
(P < 3.7E-06), whereas those activated by BEN were predom-
inantly enriched in cell cycle, proteasome, ribosomal pathway,
and focal adhesion (P < 1.6E-05). In the case of TFII-I regulated
genes, the highest enrichment (P < 1.2E-29) has been observed
for the ribosomal pathway genes. The eight pathway terms were
enriched in both BEN- and TFII-I-regulated genes, among which
genes involved in neuroactive ligand-receptor interaction, cal-
cium signaling pathway, and cytokine—cytokine receptor inter-
action were repressed. The pathway terms for ribosome, gap
junction, apoptosis, and adherens junction were shown to be
activated in both the BEN- and TFII-I-modulated gene list.
Genes involved in type I diabetes mellitus were repressed by
BEN but activated by TFII-I, suggesting that these transcription
factors may act in a counterregulatory fashion in this pathway.

Bioinformatics and Microarray Searches for TFll-l Target Genes. To
identify the potential direct targets of TFII-I family proteins, we
searched the database of transcriptional start sites DataBase of
Transcriptional Start Sites (DBTSS), based on collection of
experimentally determined 5’-end sequences of full-length cD-
NAs. Using pattern consensus BRGATTRBR, deduced from
both SELEX experiments and comparison of natural binding
sites (3-5), we have identified 1,722 mouse/human orthologous
pairs containing this consensus within their proximal promoter
regions (consensus list). However, our bioinformatics analysis is
not exhaustive for several reasons, among them: (i) the current
version of DBTTS (most complete for today) covers only 15,262
human and 14,162 mouse loci; (i) consensus used in this search
is based mainly on the binding activity of forth I-repeat of BEN
and TFII-I and may represent only a subset of binding sites for
entire TFII-I proteins; and (iii) we did not include potential
binding sites located far than 1 kb upstream from mapped
transcriptional starts. Therefore, we complemented our bioin-
formatics search with analysis of modulated genes found by
expression microarray analysis in MEFs that overexpressed BEN
or TFII-I (12, 13).

It is remarkable that comparison of 4,678 modulated genes
from BEN microarray and 1,235 genes from TFII-I microarray
data with our consensus-containing genes demonstrated signif-
icant overlapping between in silico predicted and experimentally
found targets: 96 genes are common in all three gene lists, 601
genes are common for the BEN-regulated gene list and the
consensus list, and 11 genes are common for TFII-I-regulated
genes and the consensus list. Overall, 708 BEN- and TFII-I-
modulated genes are shown to bear a binding motif in their
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Fig. 1. Pathway involvement of BEN- (A) and TFll-I- (B) modulated genes. y
axis, Pvalues for significance of enrichment; x axis, KEGG pathway terms, listed
as follows: 1, arachidonic acid metabolism; 2, nitrogen metabolism; 3, hedge-
hog signaling pathway; 4, type | diabetes mellitus; 5, calcium signaling path-
way; 6, maturity-onset diabetes of the young; 7, cell adhesion molecules
(CAMS); 8, hematopoietic cell lineage; 9, cytokine—cytokine receptor interac-
tion; 10, complement and coagulation cascades; 11, neuroactive ligand-
receptor interaction; 12, cell cycle; 13, ribosome; 14, proteasome; 15, focal
adhesion; 16, apoptosis; 17, insulin signaling pathway; 18, antigen processing
and presentation; 19, adherens junction; 20, MAPK signaling pathway; 21, ATP
synthesis; 22, gap junction; 23, citrate cycle (tricarboxylic acid); 24, oxidative
phosphorylation; 25, TGFB signaling pathway; 26, reductive carboxylate cycle
(CO; fixation); 27, neurodegenerative disorders; 28, FceRI signaling pathway;
29, Toll-like receptor signaling pathway; 30, dorso-ventral axis formation; 31,
leukocyte transendothelial migration; 32, cysteine metabolism.

proximal promoter (Fig. 2). The DAVID analysis of the latter
set of genes showed significant enrichment for genes involved
in purine and pyrimidine metabolisms and axon guidance
(Table 1).

To analyze further the distribution of the identified putative
TFII-I-binding sites, we tested their association with known

Consensus list
(1725 genes)

BEN modulated genes

TFII-I modulated genes
(4678 genes) 3981

(1235 genes)

Fig. 2. Alignment and classification of target genes. Venn diagram shows
the alignment of microarray-modulated genes and bioinformatics promoter
search results.
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Table 1. Pathway involvement of BEN- and TFll-I-modulated
genes with the TFII-I consensus binding motif within their
promoter region

Genes KEGG pathway terms  Count Pvalue
BEN- and TFll--modulated  Pyrimidine metabolism 12 9.7E-03
genes with binding Purine metabolism 16 1.4E-02
sites (n = 686) Axon guidance 13 5.5E-02

sequence elements of mammalian core promoters. An over-
whelming majority of TFII-I-binding sites were identified in
TATA-less promoters containing the Initiator sequence; how-
ever, there was no overrepresentation of Initiator compared with
the whole set of promoters in DBTSS. Moreover, we have not
detected statistically significant association of the TFII-I-binding
consensus with GC-box, CCAAT-box, and E-box sites, as well as
with recently discovered core promoter elements of human
TATA-less promoters M3-motif, M22-motif, and X Core Pro-
moter Element 1 (15, 16).

Recruitment of BEN and TFIl-l1 to the Proximal Promoters of Target
Genes. Eighteen candidate target genes representing various
functional groups/pathways (Fig. 3) were selected for further
analysis. Their down-regulation was confirmed by quantitative
real-time (QRT)-PCR. To assess whether TFII-I and BEN can
be recruited to promoters of selected candidate target genes, we
performed ChIP analysis with MEFs. This cell line has endog-
enously expressed TFII-I proteins. Our ChIP results showed
enrichment of both BEN and TFII-I in promoters of Bax, Shrm,
Cfl-1, Ezh2, Epcl, and Ccnd3, whereas Tgfb2, Nedd8, and Opn
were enriched in BEN only and Hdac! in TFII-I only (Fig. 4).
The BEN-specific recruitment to the 7gfb2 promoter is consis-
tent with our previous microarray and QRT-PCR analyses where
ectopic expression of BEN in MEFs resulted in activation of
Tgfb2 expression, but no change was observed in TFII-I ex-
pressed MEFs (12, 13). No binding was detected for Lhx1, Tgif,
Fgfll, Ldbl, Cdk5rapl, and Hdac7a in MEFs (Fig. 4), although
they can be differentially regulated by siRNA knockdown. It is

BEN and TFIl-l modulated genes that
possess the consensus motif (N=708)

— Hoxd10, Id3, Etv1, Ppp1ri1, Tgif, Zfp110,
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Fig.3. Classification of target genes with the TFll-I-binding motif. Candidate
genes selected for further validation are shown in bold.
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Fig.4. Invivo recruitment of BEN and TFlI-I to proximal promoters of target genes. (A) ChIP analysis of target genes in MEFs endogenously expressing BEN and
TFIl-1. (B) Conservation of upstream elements containing the putative TFll-I-binding site. Fish species are shown for those genes where reliable alignments of

5’-untranslated regions are available. Identical nucleotides are starred. Thirty
software (30). The height of letters correlates with degree of conservation.

more likely that they are not primary TFII-I targets and their
modulation occurs via secondary mechanisms.

Phylogenetic footprints generated by aligning the putative
motif in the context of flanking sequences upstream of the
ChIP-positive genes suggest the evolutionary conservation of a
core tetranucleotide GATT with further conservation in flank-
ing sequences between orthologs (Fig. 4).

vertebrate sequences shown were used for calculation of logo with WebLogo

Double siRNA Knockdown of TFII-I Proteins Results in a Concomitant
Decrease in Target Gene Expressions. QRT-PCR analysis revealed
that double siRNA knockdown of Gtf2i and Gtf2ird] in MEFs
resulted in >80% reduction of expression for both genes (data
not shown). Further analysis of expression levels of selected
candidate genes involved in transcriptional regulation (Ldbl,
Lhx1, Tgif), chromatin remodeling (Ezh2, Epcl, Hdacl,
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Fig.5. Validation of target genes by double siRNA knockdown of BEN and TFlI-1 in MEFs. Expression fold changes were calculated relative to control negative

siRNA treatment for each gene. Data were analyzed by comparative Ct metho

9008 | www.pnas.org/cgi/doi/10.1073/pnas.0803051105

d using B-actin as a control.
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Hdac7a), ubiquitination (Nedd8), cell cycle (Ccnd3, CdkSrapl),
apoptosis (Bax), cytoskeleton (Shrm, Cfl-1), and signaling
(Tgfb2, Opn) showed down-regulation (Fig. 5). Among studied
genes, Opn was repressed the most (4.2-fold) followed by Cfl-1,
Lhx1, Ccnd3, and Epc-1. A slight expression increase (1.3-fold)
was observed for Fgfll (Fig. 5).

Discussion

TFII-I family proteins play an important role in cellular and
embryonic processes. Our studies revealed that a large number
of TFII-I- and BEN-modulated genes involved in transcriptional
regulation, signal transduction, immune response, and chroma-
tin remodeling possess the BEN/TFII-I-binding consensus se-
quence. For some of these binding sites, we provided experi-
mental validation. Our data showed that TFII-I proteins recruit
to promoters of genes involved in chromatin remodeling Ezh2
and Epcl. TFII-1 but not BEN recruits to the promoter of Hdacl.
It is well known that the TGFp signaling pathway plays an
important role in the activity of TFII-I proteins (17, 18). We
identified 7gfb2 as a potential downstream target of BEN in
MEFs. However, we failed to detect TFII-I binding at the Tgfb2
promoter. Opn, important cytokine regulator, and NeddS, in-
volved in ubiquitination, were also identified as BEN-specific
targets. TFII-I proteins are known to be involved in cell cycle
regulation through their interaction with Rb protein (19) or
regulation of cyclin D1 (20). Here, we have demonstrated that
both BEN and TFII-I recruited to the promoter of Ccnd3, which
supports the role of TFII-I transcription factors in the cell cycle.
Another two newly identified targets, CfI-1 and Shrm, members
of cofilin and shroom families, have been implicated in the
control of actin cytoskeleton (21, 22). Shrm localizes to the apical
tip of adherens junctions of neural ectoderm cells and works
through myosin II to regulate apical construction (23, 24), the
process essential for neural tube closure. The deficiency in Shrm
results in exencephaly and spina bifida shown in both mouse and
Xenopus embryos (23, 25). Cofilins localize to the regions of
rapid actin dynamics, and their most important physiological
function is to depolymerize filaments from their pointed ends,
thereby increasing actin dynamics (21). Complete lack of neural
tube closure was observed in the case of Cfl-I mutant embryos
(26). Our recent work indicated that TFII-I is critical in the
neural tube closure event (D.B., unpublished results). It is
possible that TFII-I participates in this activity through regula-
tion of Shrm and Cfl1.

In summary, we have extended our previous expression pro-
filing work with TFII-I-modulated genes in MEFs, and we
presented here an integrated strategy for exploring TFII-I
targets. Our work represents a genome-wide analysis of TFII-I
targets and suggests pathways that are under control of BEN
and TFII-1.
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Materials and Methods

Array and Bioinformatics Analysis. Expression profiling data used in this work
were those published in our previous studies (12, 13). Putative TFll-I-binding
sites were searched as a pattern consensus on both strands within —1,000 to
+200 genomic regions around human/mouse conserved 5’-ends of cDNAs by
using DBTSS [http://dbtss.hgc.jp/ (27)]. Genomic sequences of orthologous
genes containing putative TFIl-I binding sites were then isolated from Gen-
Bank (where available) and aligned with ClustalW by using MacVector 7.2
(Oxford Molecular Group). Web-accessible bioinformatics program DAVID
(Database for Annotation, Visualization, and Integrated Discovery, http:/
david.abcc.nciferf.gov) was used for functional classification and pathway
analysis of modulated genes (14, 28). Examination of the association of the
TFIl-l-binding consensus with core promoter elements was performed by using
the same set of mouse/human conservative promoters of DBTSS. Patterns used
for these database searches were GGGCGC (GC-box), YCAAT (CCAAT-box),
CANNGT (E-box), DSGYGGRASM (XCPE1), SCGGAAGY (M3-motif), and TGCG-
CANK (M22-motif).

Double siRNA Knockdown Assay. MEFs (5 X 10°) were seeded into 6-well plates
24 h before transfection. The oligonucleotides for Gtf2i and Gtf2ird1 were
combined at 10 nM concentrations each, and cells were transfected by using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’sinstructions.
Twenty-four hours after transfection, cells were harvested for RNA isolation.
The siRNA oligonucleotides targeting exon 33 of Gtf2i and exon 9 of Gtf2ird1
as well as silencer negative control siRNA were obtained from Ambion. Three
independent transfections were performed with similar results.

QRT-PCR. QRT-PCR was performed on the ABI Prism 7900 sequence detection
system (Applied Biosystems) by using both TagMan expression assays from
Applied Biosystems and SYBR Green chemistry. cDNA was synthesized from 2
ng of RNA with an Omniscript reverse transcription kit (Qiagen, CA) with
oligo(dT) primers. Triplicate experiments were performed from each cDNA. All
transcript levels were normalized to that of actin, and the relative expression
ratios were calculated by using the 2722t method of data analysis (29).

ChIP Assay. The ChIP experiments were performed by using a ChIP-IT kit (Activ
Motiff) according to the manufacturer’s instructions. Briefly, MEFs were cross-
linked with 1% formaldehyde for 10 min, lysed, and sonicated to an average
DNA length of 500-1,000 bp. Immunoprecipitations (IPs) were performed at
4C°C overnight with goat polyclonal anti-TFIl-l (Sc-9943; Santa Cruz Biotech-
nology) and for BEN with goat anti-WBSCR11 (Sc-14714; Santa Cruz Biotech-
nology), respectively. Positive and negative control antibodies were those
supplied with the kit. Ten microliters of the chromatin supernatant was saved
as Input DNA before IP. The experimental results were confirmed with inde-
pendent IPs performed by using alternative antibodies from different sources;
rabbit-anti mouse TFIl-I (no. 4562; Cell Signaling Technology) and goat anti-
mouse WBSCR11 (Sc-14711) and goat anti-mouse IgG (5c-2028), used as neg-
ative control, obtained from Santa Cruz Biotechnology. The sequences of
primers used for PCR analysis are available upon request. The amplification
products for PCR analysis either covered BEN/TFIl-I-binding consensus se-
quence at the 5'-untranslated region or were located in its close vicinity.
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